Background: Although some clinical practice guidelines regarding hemodialysis recommend salt restriction, few studies have examined the association between salt intake and clinical outcomes in hemodialysis patients. This study aimed to clarify the association between salt intake and mortality in hemodialysis patients. Methods: This retrospective cohort study was based on the Japanese Society for Dialysis Therapy renal data registry database (2008) and included 88,115 adult patients who had received hemodialysis for at least 2 years. Estimated salt intake was the main predictor and was calculated from intra-dialytic weight loss and pre-and postdialysis serum sodium levels. Nonlinear logistic regression was used to determine the association between salt intake and mortality, adjusting for potential confounders. The outcomes considered were all-cause mortality and cardiovascular death at 1 year. Results: The median (25-75th percentile) salt intake at baseline was 6.4 (4.6-8.3) g/day. At 1 year, allcause mortality occurred in 1,845 (2.1%) patients, including 807 cardiovascular deaths. The low salt intake group (< 6 g/ day) demonstrated the highest all-cause mortality and cardiovascular deaths. No association was observed between high salt intake, all-cause mortality and cardiovascular deaths. The lowest risk for all-cause mortality and cardiovascular death occurred among patients with an estimated salt intake of 9 g/day. Conclusion: Low salt intake, but not high salt intake, was associated with all-cause and cardiovascular mortality in Japanese hemodialysis patients. Further studies to justify including a lower limit of salt intake for hemodialysis patients are suggested.
Introduction
It is often recommended that patients on hemodialysis lower their salt intake to assist with weight control and because they are at increased risk for cardiovascular disease. European guidelines recommend a salt intake of 5-6 g/day [1] , US guidelines recommend 5 g/day [2] , and Japanese guidelines recommend 6 g/day [3] . The Dialysis Outcomes and Practice Patterns Study reported that the Japanese participants in that study had a salt intake of 9 g/ day, as estimated from a food frequency questionnaire [4] . Patients on hemodialysis in Western countries consume 6-7 g/day of salt, as estimated using a simple equation. It is suggested that half the number of hemodialysis patients cannot adhere to the recommended salt intake. Many hemodialysis patients are required to restrict dietary intake, including restricting sodium intake [5] . This can be of particular discomfort to some hemodialysis patients in terms of a perceived burden, and perceived burdens among hemodialysis patients are strongly associated with an elevated risk for death [6] .
Inter-dialytic salt intake for hemodialysis patients can be approximately determined from their inter-dialytic weight gain (IDWG) [7] [8] [9] [10] [11] [12] . An anuric hemodialysis patient responding to salt-induced osmometric thirst will show about 1 kg of IDWG for every 8 g of salt consumed [8] . Some observational studies have reported an association between high mortality and high IDWG [11] [12] [13] [14] . In a small selected sample, higher salt intake was independently associated with greater all-cause mortality [15] . Findings such as these have led to expressions such as, "The lower the sodium intake, the better," [8, 16] and have resulted in medical staff imposing severe salt restrictions on hemodialysis patients.
Recently, there have been doubts concerning the association between salt intake and mortality. In non-endstage renal disease patients, compared with a baseline sodium excretion of 4-5.9 g/day (10.2-15.2 g/day of salt), a sodium excretion of < 3 g/day (7.6 g/day of salt) was associated with an increased risk for cardiovascular death [17] . In the general population, an estimated sodium intake of 3-6 g/day (7.6-15.2 g/day of salt) was associated with a lower risk for death and cardiovascular events than was either a higher or lower estimated level of salt intake [18] . The volume of salt intake associated with the lowest risk was higher than that recommended in the guidelines. Additionally, it is reported that a low dietary salt intake independently predicts high all-cause and cardiovascular mortality in peritoneal dialysis patients [19] . In this study, we conducted a thorough analysis of the Japanese Society for Dialysis Therapy (JSDT) renal data registry database to directly examine the association between salt intake and allcause mortality in a population of hemodialysis patients.
Methods

Study Design
This was a retrospective cohort study. Data were collected from the JSDT renal data registry database. The design and detailed methods of the questionnaire survey used to collect information on hemodialysis patients have been previously described [20] . The JSDT renal data registry database is a Japanese annual survey of dialysis facilities and patients, and has been prospectively collecting information on dialysis patients. The response rate to the questionnaire has exceeded 98% every year, meaning that the database accounts for nearly all Japanese hemodialysis patients. Data collection is conducted every December. Details on the inception, limitations, validity, variables, and questionnaires used are available online at the JSDT website (www.jsdt.or.jp). This study followed the Declaration of Helsinki principles. The Ethical Committee of JSDT approved this study.
Study Participants
We obtained baseline and 1-year follow-up data from the JSDT renal data registry database in 2008 and 2009 respectively. We only included patients who had undergone hemodialysis for at least 2 years at baseline. Further, to prevent any improper estimation of salt intake, we excluded patients whose IDWG was below 0 kg, whose estimated salt intake was < 0.5th or > 99.5th percentile, who were not receiving hemodialysis 3 times weekly, and who received peritoneal dialysis.
Exposure/Comparison and Outcomes
The main predictor of outcomes was estimated salt intake at baseline, which was calculated from intra-dialytic weight loss (IDWL) and serum sodium levels before and after dialysis. This method has been previously validated [21, 22] . In the original approach, IDWG was used to calculate salt intake. Given that IDWL is strongly correlated with preceding IDWG, this study used IDWL instead of IDWG [23] .
The main outcome in this study was all-cause mortality over a period of 1 year. The secondary outcome was cardiovascular death and all-cause mortality without cancer death over a period of 1 year. Cardiovascular death included sudden death; death from heart failure, myocardial infarction, or stroke; and death from other vascular diseases. We considered that poor nutrition among cancer patients would strengthen the association between low salt intake and mortality; therefore, we conducted a secondary analysis excluding cancer-related death to avoid overestimating this association.
Statistical Analysis
Nonlinear logistic regression was used to determine the association between salt intake and mortality, adjusting for age, gender, body mass index (BMI), hemodialysis vintage, dialysis time per one-dialysis session, Kt/V (used to quantify dialysis), protein catabolic rate normalized to body weight (nPCR), comorbidity conditions, cause of end-stage renal disease, type of vascular access, serum potassium, phosphate, calcium, C-reactive protein levels, and endotoxin level in the dialysate. Systolic blood pressure was not adjusted for because it is affected by salt intake and is an intermediate factor in the causal pathway between salt intake and cardiovascular death [24] [25] [26] [27] . Cubic splines were plotted with the reference being median salt intake and 4 knots. Salt intake was categorized into 2 g/day increments (daily salt intake: < 2, 2-3.99, 4-5.99, 6-7.99, 8-9.99, 10-11.99, and ≥12 g) and associations between the categories and mortality were examined. Kt/V and nPCR have been defined in a previous study [23] . Confounders were only measured at baseline. These covariates were reported as potential confounders between all-cause mortality and salt intake. Multivariate imputation using chained equations was used to impute for missing variables [28] . Ten copies of data were used, each with missing values suitably imputed. We estimated mean ORs and adjusted 95% CIs using Rubin's rules [29] . p values are reported as 2-sided and a p value < 0.05 was considered statistically significant. Stata/IC 13.1 (Stata Corp., College Station, TX, USA) and R 3.50 (R Foundation for Statistical Computing, Vienna, Austria; www.Rproject.org/) with the 'rms' package were used for analyses.
Stratified and Subgroup Analyses
To avoid any influence of nutritional status on findings, stratified analysis was performed. After dividing patients on the basis of nPCR, serum albumin, and BMI, we examined the association between salt intake and mortality. The examination was restricted to patients with serum albumin > 3.8 g/dL and BMI > 23 kg/m 2 , in accordance with the concept of protein-energy wasting. To avoid any influence of IDWG on findings, stratified analysis by 4 groups divided on the basis of quantile points of IDWG was performed.
Sensitivity Analysis
Four sensitivity analyses were conducted. First, to estimate the influence of unmeasured confounding on the association between salt intake and mortality, array analysis was performed. The association between salt intake and mortality was determined in patients with a daily salt intake < 6 g and 6-9.99 g. Sensitivity analysis was then performed to determine how strong and imbalanced the confounder would need to be in order to render any association non-significant [30, 31] . Second, to eliminate the influence of sodium excretion into the urine, we also conducted analysis on restricted patients who received hemodialysis for at least 5 years, who would be anuric. Third, to eliminate the influence of the vulnerable population, we conducted the analysis after excluding patients who died within 6 months.
Results
Study Participants
A total of 88,115 adult patients were enrolled in the study. The process by which patients were enrolled from the database is shown in Figure 1 . Baseline characteristics (overall and based on the category of salt intake) are listed in Table 1 . From the overall population, the mean age was 65.09 years, 60.2% were men, and 31.4% were on hemodialysis because of diabetic nephropathy. At baseline, the median (25-75th percentile) daily salt intake was 6.4 (4.6-8.3) g. There were 49,073 patients (55.7%) with a salt intake of > 6 g/day. Generally, patients with a high salt intake were younger, had higher nPCR, BMI, and serum albumin, had lower serum C-reactive protein, and received dialysis for a longer period of time.
Distribution of All-Cause Mortality and Cardiovascular Death
After 1 year, all-cause mortality occurred in 1,845 (2.1%) patients and included 821 cardiovascular deaths. The all-cause mortality rate at 1-year post-examination was greatest in patients with a salt intake < 2 g/day (52.5 deaths/1,000 persons) and lowest in those with a salt intake ≥12 g/day (8.5 deaths/1,000 persons; Table 2 ).
In the nonlinear model, there was a significant association between low salt intake and all-cause mortality over the There were 236,166 dialysis patients aged over 18 years old undergoing any type of renal replacement therapy (nearly all dialysis patients in Japan)
Patients on peritoneal dialysis, hemofiltration,hemodiafiltration, short daily home hemodialysis, short vintage hemodialysis, or were not considered anuric (n = 135,604)
There were 127,562 conventional in-center patients who had been on hemodialysis for at least 2 years who were considered anuric
Patients without baseline estimated salt intake data (n = 38,576)
There were 88,996 patients with baseline estimated salt intake data
Patients with a baseline estimated salt intake below the 0.5th or above the 99.5th percentage (n = 871) There were 88,115 patients with baseline estimated salt intake data within the required percentile range 1-year period ( Fig. 2 ; online suppl. Fig. 2 ; for all online suppl. material, see www.karger.com/doi/10.1159/000492034). Mortality was highest in the low salt intake group. No marked association between high salt intake and all-cause mortality was observed. The association between low salt intake and mortality was stronger in the crude model than in the multivariate model. The lowest risk for all-cause mortality was 9.1 g/day in the multivariate model. The association between salt intake and cardiovascular death and between salt intake and all-cause mortality without cancer death was similar, with mortality being highest in the low salt intake group (online suppl. Fig. 1 ). In the categorical model, when compared with an estimated salt intake of 8-9.99 g/day (the reference category), an estimated salt intake of 10 g/day or more was not associated with an increased risk for all-cause mortality (OR 1.06; 95% CI 0.83-1.36) or cardiovascular death (OR 0.95; 95% CI 0.68-1.34) in the multivariable analysis (Table 2) . When compared with an estimated sodium excretion of 6-9.99 g/day, an estimated sodium excretion < 6 g/day was associated with an increased risk for death from any cause (OR 1.59; 95% CI 1.40-1.80) and with death from cardiovascular causes (OR 1.61; 95% CI 1.35-1.91; Table 2 ).
Stratified and Subgroup Analyses
Regardless of nPCR, serum albumin level, or BMI, associations between salt intake and all-cause mortality remained relatively unchanged compared to initial findings (Table 3 ). Subgroup analysis of the non-malnutrition group failed to show any marked change in the association between salt intake and all-cause mortality, suggesting that this association was relatively strong. Quantile points of IDWG were 25%, 1.90 kg; 50%, 2.50 kg; and 75%, 3.10 kg. In all groups divided into 4 strata on the basis of these quantile points, the lower levels of estimated salt intake were associated with an increased risk for death (online suppl. Fig. 3 ).
Sensitivity Analysis
Patients with a daily salt intake of < 6 g showed a significantly higher mortality than patients with a daily salt intake of 6-9.99 g (adjusted OR 1.59; 95% CI 1.40-1.80). Array-approach sensitivity analysis showed that an unmeasured confounder would have to be strongly associated with mortality or markedly imbalanced between patients with a daily salt intake of < 6 g/day and those with a daily intake of 6-9.99 g/day to render the inverse association between salt intake and all-cause mortality non-significant. For example, if an unmeasured confounder was distributed in a 5: 1 ratio between the low salt intake and high salt intake groups and the risk ratio for all-cause mortality was > 3, then that con- All-cause mortality without cancer was all causes of death excluding death from any cancer. Cardiovascular death included sudden death; death from heart failure, myocardial infarction, or stroke; and death from other vascular diseases. The multivariate model included age, gender, body mass index, vintage of hemodialysis, dialysis time per one dialysis session, Kt/V, protein catabolic rate normalized to body weight, comorbidity conditions, type of vascular access, serum potassium, phosphate, calcium, and C-reactive protein levels, and endotoxin level in dialysate. Association between estimated salt intake and all-cause mortality. a Cubic splines between estimated salt intake and allcause mortality using a crude analysis model. b Cubic splines between estimated salt intake and all-cause mortality using multivariate analysis. founder can render the inverse association between salt intake and all-cause mortality nonsignificant (online suppl. Table 1) . When we limited patients to those with a history of hemodialysis of over 5 years, 58,804 were analyzed. Comparing the exclusion criteria between a history of hemodialysis over 2 years and a history of hemodialysis over 5 years, the association between mortality and estimated salt intake did not change (online suppl. Fig. 4) .
When we limited outcomes that occurred after 6 months, the risk for all-cause mortality, all-cause mortality without cancer, and cardiovascular death were higher in the low estimated salt intake group; the risk for cardiovascular death was especially high in this group (online suppl. Fig. 5 ).
Discussion
A low salt intake (< 6 g/day) was associated with an increased risk for all-cause mortality and cardiovascular death, resulting in an L-shaped association curve. The lowest risk for all-cause mortality and cardiovascular death was seen among patients with an estimated salt intake of 9 g/day. Regardless of nutritional indicators, associations between estimated salt intake and allcause mortality and cardiovascular death remained relatively unchanged compared to initial findings. These findings do not support current clinical guidelines, which recommend restricting salt intake to < 5-6 g per day. n = 2,803 n = 7,376 n = 9,557 n = 6,537 n = 2,918 n = 1,448 All were adjusted for age, gender, body mass index, vintage of hemodialysis, dialysis time per one dialysis session, Kt/V, protein catabolic rate normalized to body weight, comorbidity conditions, type of vascular access, serum potassium, phosphate, calcium, and CRP levels, and endotoxin level in dialysate. nPCR, protein catabolic rate normalized to body weight; BMI, body mass index; CPR, C-reactive protein. Guidelines have recommended the restriction of the salt intake of a patient on hemodialysis to a low level [1] [2] [3] . We found that there is an unsafe lower limit for salt intake and, therefore, do not affirm these recommendations. We did not observe an increased risk for death among high salt intake patients. Among non-end-stage renal disease patients, a high salt intake was found to be associated with an increased risk for cardiovascular events and death in hypertensive populations, while the association between a low salt intake and an increased risk for cardiovascular events and death was observed in those with or without hypertension [32] . Possibly, the increase of cardiovascular death might be observed among hemodialysis patients with a higher salt intake range such as over 15 g/day, which we could not observe in this study and which is in accordance with the recent advisory in the United States to limit the UF rate to < 13 mL/kg/h [33] . These findings suggest that a range of salt intake with targeted upper and lower limits should be discussed in clinical guidelines.
This study has some strengths. First, we assessed a direct association between salt intake and mortality. Some previous studies have discussed the association between IDWG and mortality as though IDWG could simply be substituted with salt intake [8] . The equation for estimating salt intake mainly comprises IDWG and pre-and post-dialysis serum sodium. Because IDWG is greatly affected by fluid intake, we could not assess the effect of salt intake directly from the association between IDWG and mortality [9] . In this study, we found variations in estimated salt intake even in the same IDWG strata, and low salt intake showed a high mortality ratio in all IDWG strata. These results suggest the significance of assessing estimated salt intake rather than IDWG. Second, we analyzed a large nationwide hemodialysis registry in Japan, including more than 88,000 dialysis patients. Third, we conducted several sensitivity analyses and confirmed the robustness of the associations between salt intake and mortality in this population.
Assessment of the association between salt intake and mortality using observational data may have methodological issues [34] . In particular, confounding by malnutrition may overestimate the association between low salt intake and mortality. Previous studies reported that low IDWG [7, [35] [36] [37] and low pre-dialysis serum sodium [38, 39] are associated with malnutrition parameters [34, 40] . To eliminate the influence of malnutrition on the association between salt intake and mortality, we performed a subgroup analysis based on nutrition parameters (nPCR, serum albumin level, or BMI) and found similar associations to the results in the total population. We also conducted an arrayapproach sensitivity analysis and found a low probability that residual confounding would render the association between salt intake and mortality nonsignificant.
This study has some limitations. First, we were unable to assess smoking and socioeconomic status. In dialysis patients, smoking is reported to be associated with all-cause mortality [41] . However, an array-approach sensitivity analysis showed a low possibility that those unmeasured factors (such as smoking and socioeconomic status) alter the association between salt intake and mortality [30, 31] . Second, the follow-up period was only 1 year, which might be too short to assess the effect of high salt intake on mortality. Analysis of data with a longer observation period (for example, 10 years or more) should be performed in future study. Third, the estimation of salt intake was based on a single series of hemodialysis at baseline. Estimations based on a single series of hemodialysis can lead to random errors because salt intake varies daily [34, 42] . A random error usually reduces the statistical power to detect the association, but a large sample size, such as in this study, would compensate for it. Although salt intake may change over time, we only used baseline salt intake data because the association between timevarying salt intake and mortality would be overestimated due to reverse causality (i.e., patients in the process of dying take less salt). Fourth, estimation of salt intake may be affected by sweat, feces, residual renal function, seasonal factors, and physical activity [21, 22] . Regarding the residual renal function of patients who underwent hemodialysis for more than 2 years, we assumed that such patients developed anuria. However, some patients such as those with polycystic kidney may have residual renal function even after 2 years from the initiation of hemodialysis. In our sensitivity analysis, we confirmed that patients who underwent hemodialysis for more than 5 years developed almost complete anuria. Although hemodialysis patients with residual renal function showed lower mortality compared with patients without this function, there were similar results between the main analysis and the sensitivity analysis. Baseline information for the estimation of salt intake was collected in December of each year (winter in Japan); therefore, any possible sweat bias would be reduced during this time. Patients that undertake regular physical activity have lower mortality [43, 44] , and tend to sweat more. Therefore, it is possible that salt intake was underestimated and the risk for death between the low salt intake and high salt intake groups might be larger. It is suggested that an underestimation of salt intake would not affect the association between low salt intake and all-cause mortality. Fifth, we also found DOI: 10.1159/000492034 that 30,020 (34.1%) of 88,115 patients had missing values, which may have affected the association between salt intake and all-cause death. We used a multiple imputation approach to adjust for missing covariates and found similar associations compared to the results from the full analysis set (n = 58,095; online suppl. Fig. 6 ). Sixth, we did not have data regarding dietary contents including specific Japanese foods (miso and seaweed) in this study. However, the effect of these specific Japanese foods on health outcomes has not been verified. In addition, salt intake is said to be independently associated with health outcomes [45] . In future studies, it will be necessary to examine the effect of dietary content on health outcomes in this population. Seventh, we only analyzed the Japanese dialysis population, which is less likely to have diabetes and a longer survival prognosis, compared to the U.S. dialysis population [46] . We also found similar associations even after stratification by the presence of diabetes and nephrosclerosis (online suppl. Fig. 7 ).
Low salt intake was found to be associated with high allcause mortality and cardiovascular death in Japanese hemodialysis patients in the current study. These findings do not support current clinical guidelines, which recommend restricting salt intake to < 5-6 g per day. Including a lower limit of salt intake in the clinical guidelines for hemodialysis patients is suggested based on the results of this study. In the future, a quasi-experimental study assessing the effect of intervention (such as the introduction of clinical guidelines that set the lower limit of salt intake) on mortality and cardiovascular events is required to confirm these results.
